Introduction
[2] The right-lateral strike-slip Denali Fault is a major element in the complex northern boundary between the North American and Pacific plates [St. Amand, 1957] . Although the principal element in the plate boundary is the AlaskanAleutian megathrust, other active continental structures lie to the north (Figure 1 ). One of these is the Denali Fault, a dextral $2000-km-long strike-slip structure that traverses the rugged Alaska Range of south central Alaska for about 780 km. The crustal block south of the Denali Fault is called the Wrangell block, as defined by Lahr and Plafker [1980] . Two end-member tectonic models can be invoked to explain the intracontinental deformation of southern Alaska and the growth of the Alaska Range. The spatial variation in millennial slip along the Denali Fault plays an important role in testing the plausibility of these models. At one extreme, a kinematic model, suggested by the arcuate geometry of the Denali Fault, in which the Wrangell block rotates counterclockwise relative to North America [St. Amand, 1957; Stout and Chase, 1980; Lahr and Plafker, 1980; Page et al., 1995] , requires neither along-strike variation in the lateral slip rate nor deformation north of the Denali Fault. Consequently, slip along the Denali Fault and shortening across the Alaska Range are decoupled. Alternatively, northwestward translation of the Wrangell block with respect to the North American plate without significant counterclockwise, vertical-axis rotation requires a westward decrease in the lateral slip rate. In this case, convergence rates across the Alaska Range's northern frontal thrust fault system would increase from east to west as increasing fault slip is transferred from the Denali Fault to thrust systems.
[3] One might see support for the second model in the decidedly asymmetric distribution of slip along the Denali Fault during the Mw 7.9 2002 earthquake [Eberhart-Phillips et al., 2003; Haeussler et al., 2004] , if this event was characteristic of the long-term behavior of the Denali Fault. The distribution of dextral slip along the 220-km rupture during this earthquake decreases from about 9 m in the east to about 3 m in the west [Eberhart-Phillips et al., 2003; Hreinsdottir et al., 2003; Wright et al., 2004; Haeussler et al., 2004] . Here we investigate whether the long-term slip rate on the Denali Fault might likewise decrease westward, as suggested by the results of Matmon et al. [2006] . If verified, this correlation would support a model in which the distribution of coseismic slip during the 2002 quake is characteristic of the fault's long-term behavior. The apparent westward decrease of total right-lateral slip along the Denali Fault, from 400 to 350 km on the eastern segment to $100 km on the McKinley strand of the fault system [cf. Plafker and Berg, 1994] , also lends supports to the second model and further links the distribution of co-seismic slip to the long-term growth of topography.
[4] Determining the long-term slip rate of the Denali Fault by averaging over numerous seismic cycles should enable testing of these two models. Until recently, however, determination of slip rates from offset landforms along the Denali Fault was hampered by the lack of reliable geochronologic constraints. All slip rate estimates assumed climatic correlations to approximate the age of offset features such as moraines and periglacial fans. These studies yielded slip rates that range between 10 and 20 mm/a [Richter and Matson, 1971; Stout et al., 1973; Hickman et al., 1977; Sieh, 1981] but did not have sufficient precision to constrain spatial variations in the slip rate.
[5] The development of surface exposure age dating using in situ cosmogenic nuclides has improved our ability to directly date morphological features, such as periglacial fans and moraines [i.e., Nishiizumi et al., 1989; Gosse et al., 1995a Gosse et al., , 1995b Stone, 2000; Gosse and Phillips, 2001 ] and has made fault slip rate estimates in glaciated areas possible, extending the geomorphic observation interval beyond that accessible to radiocarbon dating [ Van der Woerd et al., 1998; Lasserre et al., 2002; Brown et al., 2002; Mériaux et al., 2004a; Chevalier et al., 2005] . In this study, dextrally offset moraines were sampled for 10 Be CRN dating at two sites along the Denali Fault, $235 km apart, to estimate the average slip rates.
[6] A similar study by Matmon et al. [2006] recently estimated slip rates using CRN surface exposure dating to constrain offset markers at four sites along the arcuate section of Denali Fault and at three additional sites on Totschunda Fault (TF) and Eastern Denali Fault (EDF). The two studies were conducted simultaneously and independently after the 2002 Denali Fault earthquake. Matmon et al. [2006] estimated average slip rates of 9.4 ± 1.6, 12.1 ± 1.7, and 8.4 ± 2.2 mm/a along the western, central, and eastern Denali Fault, respectively. Based upon the rates for the central and western Denali Faults, Matmon et al. [2006] suggested that the slip rate may be decreasing to the west. Note that the rate on the eastern Denali Fault (EDF) is not directly relevant here as the slip on the Denali Fault is partitioned between the TF and the EDF east of the junction between the 2 strike-slip faults. However, the rate estimates on the Denali Fault are indistinguishable within error, and further measurements on sites to the west of those sampled by Matmon et al. [2006] are required to verify this trend. In this connection we report rates from two sites on the central Denali Fault: (1) an eastern site, Slate Creek, which had also been sampled by Matmon et al. [2006] is located on the main strand of the Denali Fault at Matmon et al. [2006] . Cities of Juneau (J), Anchorage (A), and Fairbanks (F) are indicated as well as Birch Lake.
$144°49
0 W, $78 km northwest of the Mentasta pass junction and $60 km southeast of the Delta River junction (this portion of the fault ruptured during the 2002 Mw 7.9 Denali earthquake, Figure 1 ) and (2) a western site, at Bull Creek, located in the Denali National Park at $149°26 0 W on the McKinley strand of the Denali Fault (this segment did not rupture in 2002, Figure 1 ). This site is located $50 km west of the westernmost site of Matmon et al. [2006] . At both sites we targeted well-preserved younger moraines that preserve clear dextral offsets.
Geomorphic Offsets Along the Denali Fault
[7] Along the trace of the Denali Fault are numerous stream channels, drainages and ridges that display offsets ranging from a few meters to a few kilometers [Richter and Matson, 1971; Stout et al., 1973; Hickman et al., 1977; Sieh, 1981; Matmon et al., 2006] . Determining a long-term slip rate based on such offset features remains a challenge, however, because the offset features must be both well defined and datable. Unfortunately, the clear and common streamrelated offsets are difficult to date, as they are typically refreshed by stream action. This factor alone drastically reduces the number of offsets useful in establishing slip rate estimates. Although, the preserved landforms should be datable by radiocarbon dating as most of them postdate the Last Glacial Maximum that clearly overprinted the morphology of the Alaskan Range. The deposition and preservation of carbon in these commonly coarse deposits is uncommon and difficult to access. Hence, CRN dating of geomorphic features is a more practical geochronologic method. Here, we present morphochronologic data from the Bull Creek and Slate Creek sites where we have been able to date the abandonment ages of well-defined offset glacial moraines and thereby determine slip rates.
Offset Moraine at the Bull Creek Site
[8] The Bull Creek site lies along the N80°E striking McKinley strand of the Denali Fault, at $149°26 0 W and $1050 m elevation, flanking the southern face of the Alaska Range (Figure 1 ). Bull Creek River is a south-flowing braided tributary of West Fork River and originates in some of the higher peaks of the southeastern corner of the Mount McKinley massif. Bull Creek valley is divided into a western valley (WV) and an eastern valley (EV), each of which originates from small catchments whose surrounding peaks reach altitudes of $2150 m (Figure 2 ). The sampling site is located within the easternmost of three tributaries (Et, Figure 2 ) of the eastern valley, a few hundred meters downstream from a minor ($370-m-wide) unnamed modern glacier (Figure 2 ).
[9] The active trace of the Denali Fault is particularly clear in this region (Figures 2 and 3 ). This portion of the fault is characterized by numerous right-lateral offsets ranging from about ten meters to a few hundred meters [Hickman et al., 1977; Sieh, 1981] . Of the three tributaries of the eastern valley, only the central and the eastern tributaries (Ct and Et, Figure 2 ) flow roughly perpendicular to the Denali Fault. The fault deflects them right-laterally by amounts that we estimate to be $273 m and $266 m, respectively (Figures 2 and 3) . A fluvial terrace riser, T1-Qm2/T0, on the west bank of the eastern tributary is offset 17 ± 2 m, based on our measurement made using a total station (Figure 3 ). This measurement agrees with previous estimates of 15 m, made on vertical aerial photos taken in 1973 [Sieh, 1981] .
[10] Four sets of inset moraines exist at the Bull Creek site (Figure 3) . The highest and oldest moraine, Qm4, appears only on the eastern side of the valley. A lower and younger set of moraines, Qm3, is the most extensive in the valley and is well preserved, especially south of the fault. The Qm3 moraines comprise recessional and terminal moraines that extend $1.8-3.3 km from the front of the modern glacial terminus (Figure 2 ). Three sets of well-defined fluvial terraces formed in the valley since the abandonment and breaching of these Qm3 moraines (T3, T2, and T1, Figure 3 ) indicating several aggradation periods of Et since that time. The recessional and terminal Qm3 moraines extend downstream from the fault, whereas the lateral and medial moraines extend upstream to the edge of the modern glacier, mostly north of the fault (Figure 3) . Unfortunately, erosion of these lateral moraines is so severe, especially near the fault trace, that they yield only rough estimates of their dextral offset, with large uncertainties. Thus, we did not sample the Qm3 moraines for CRN exposure dating.
[11] A still younger set of lateral and terminal moraines, Qm2, exists on both sides of the valley, and overrode fluvial terrace T2. The active riverbed has entrenched the Qm2 moraines. Qm2 extends about 225 m south of the fault trace and $580 m from the terminus of the modern glacier ( Figure 3) . The left-and right-lateral moraines are not symmetrical; the left-lateral (eastern) Qm2 moraines are well defined and strike roughly perpendicular to the fault trace, but the right-lateral (western) Qm2 moraines are more complex. They consist of small, discontinuous lateral moraines and a chaotic pile of large terminal moraines located both upstream and downstream from the fault (Figure 3 ). The asymmetry of the Qm2 moraines resembles the geometry of the youngest moraine (Qm0), located upstream, nearer the modern glacier. Similarly, the peculiar setting of Qm0 seems to reflect the asymmetry of the modern glacial terminus; the river outlet emerging from the glacial terminus is east of the glaciers medial line and so the eastern half of the glacial tongue is more melted than the western side. The asymmetry of the ice is mimicked in the moraine geometries. By analogy, we interpret the asymmetry of the Qm2 moraines to have a similar origin. This implies that at a given location along the river, the left-bank ice retreat occurs earlier than on the western side, leaving a slightly older eastern lateral moraine downstream.
[12] The clearest offset feature within Qm2 is a narrow moraine crest on the eastern flank of the moraine complex.
To gain a precise measurement of the offset, we prepared a map of that crest using a total station. The moraine crest strikes roughly perpendicular to the fault and is dextrally offset 82 ± 5 m (Figures 3 and 4) , as is the marginal ice channel immediately east of the crest (Figure 4 ). We collected samples for CRN exposure dating from the most gently dipping Qm2 surface, south of the fault trace and near the offset moraine and ice-marginal channel (Figure 3a) .
[13] The offset of the western margin of the Qm2 moraine set is not as well defined as the eastern margin. Its offset is approximately 60 m. A 25% smaller offset of the western flank of the Qm2 moraines due solely to the diachronous abandonment of the moraine resulting from asymmetry of the glacier retreat seems rather large. This would suggest a younger age for the western Qm2 flank of up to 25%, which is highly unlikely considering the relative high velocity of glacier retreat in general. Given the greater ambiguity of this measurement, however, it seems appropriate to take it rather as a minimum bound for Qm2 offset.
Offset Moraine at the Slate Creek Site
[14] The Slate Creek site is $235 km east of the Bull Creek site, at an elevation of $1320 m (Figure 1 ). Slate Creek, the principal local drainage, flows from terminus of the western tongue of the hammerhead-shaped Chistochina glacier ( Figure 5 ). The Denali Fault runs N59°W across the site.
[15] Earlier glacial advances of three south-flowing glaciers (WG, CG, and EG) associated with the western tongue of the Chistochina glacier have left glacial landforms and deposits that cross the fault trace at high angles and are tectonically offset (Figures 5 and 6 ). We refer to three braided tributaries emanating from these valleys as the eastern (Et), central (Ct), and western tributaries (Wt); these in turn merge to form Slate Creek. The confluence of the western and central tributaries is about 360 m south of the Denali Fault, and their confluence with the eastern tributary is about 1 km further south. The studied offsets are located between the central and eastern tributaries ( Figure 6 ). Coseismic offsets associated with the 2002 earthquake ranged from 4.70 to 5.32 m in this area (138.88 -151.4 .457 km) [Haeussler et al., 2004, Figure 5] . Between Wt and Et, Haeussler et al. [2004] measured the horizontal slip of four markers solely on the main trace of the rupture of the 2002 quake ( Figure 5 ). However, detailed mapping of the rupture based on field observations and postearthquake aerial photo interpretation indicates a rather wide fault zone extending up to about 140 m to the north, perpendicular to the main trace, between Ct and Wt with a complex slip distribution among numerous strands (Figures 7 and 8 and auxiliary material).
1 Thus, the mean value of 5.0 ± 0.3 m (±1s) derived from Haeussler et al. [2004] must be considered as a minimum bound for the effective coseismic slip at Slate Creek.
[16] The confluence of the western, central and eastern moraines at the Slate Creek site has produced a more complex depositional history and geometry than that at Bull Creek. The youngest terminal moraines (Qm0), near the modern glaciers and largely associated with the main body of the Chistochina glacier, are confined to three individual steep-walled glacial canyons and do not cross the fault (Figures 5 and 6 ). An older set of moraines (Qm1) extends farther south but also not across the fault (Figures 5 -7) . A still older group of moraines (Qm2) extends out onto the plain south of the three tributaries and across the Denali Fault ( Figures 5 -7) . The fault has clearly offset a number of Qm2 moraine ridges and swales on the eastern flank of this group.
[17] Lateral and medial moraines, paraglacial sedimentation (e.g., kame terraces), and secondary fans are inlaid between the moraine ridges. The western $215-m-wide Qm2 bench, located in between the western and the central outwash, is well expressed about 85 m north of the main fault trace (Figure 7 ). No evidence of this Qm2 bench can be mapped on the south side of the fault, west of the Ct. The central $300-m-wide bench, located east of the Ct, is limited on its eastern side by a NW -SE-trending lateral meltwater channel (c2, Figures 6 and 7 ). This bench is dissected near its center by another meltwater channel, c1, which roughly parallels c2 and is subperpendicular to the fault on its north side. As c1 approaches the fault traces, it becomes progressively dextrally deflected as it crosses each of the secondary faults and then follows the main fault trace, before merging with Ct to the west (Figures 6 and 7) . A moraine bench and adjacent meltwater channels (c1 0 , c2 0 ) with similar surface characteristics and geometry are also observed south of the main fault. Because the surface roughness and geometry of the bench and meltwater channels is similar, we conclude that they were once the same moraine that has been cut and displaced by the Denali Fault. To estimate the cumulative offset of Qm2, we quantified the various displacements along the numerous fault strands within the $140 m wide fault zone ( Figure 7 ). On the main trace, the retrodeformation of the moraines ridges and valleys between Et and c2 implies an offset of 122 ± 5 m, to which must be added the offset on the minors faults, f1, f2, f3, and f4 ( Figure 7 ). The offset uncertainty on the main branch is based on the width of the meltwater channels as measured from the high-resolution aerial photograph ( Figure 7 ). The cumulative slip component of the secondary faults is mostly strike slip together with a normal component of about 1/4 of the horizontal slip ( Figure 8a ). The cumulative offset estimates measured on these faults, derived from the retrodeformations that followed the detailed mapping of the fault zone, range from 6 to 19 m ( Figure 7) . Overall, the dextral offset is estimated to be 166 ± 25 m at this site, with the offset uncertainty based on the two endmember retrodeformation models ( Figure 7) . Here, the cumulative contribution of the secondary faults appears to be $27% of the total deformation. If this contribution remains somewhat constant over time, the coseismic value of Haeussler et al. [2004] is similarly underestimated by $27%. This would imply a local coseismic slip for the 2002 quake to be 6.8 ± 1.0 m at Slate Creek, which is comparable with the higher values found east and west of this site by Haeussler et al. [2004] . Moreover, Taylor et al. [2008] measured a maximum coseismic horizontal slip to be 7.5 ± 1.12 m, using subpixel cross correlation of SPOT images at Slate Creek. This would imply an even larger contribution of the secondary faults for the last event of up to 33% and would yield a maximum cumulative offset of 183 ± 30 m for Qm2. In both latter cases, we assume that the coseismic slip during the 2002 quake is characteristic of the fault's longterm behavior, not only on the main trace of the fault but also on the secondary faults. The ''true offset'' of Qm2 measured here must be larger than that determined by Matmon et al. [2006] as they did not include the cumulative secondary fault displacements. However, concatenation of the errors associated with the cumulative offset does not yield a result that is statistically distinct from their 144 ± 14 m Figure 5 . Small-scale regional map of the Chistochina glacial area, using a preearthquake SPOT image (10 m resolution) with overlapping DEM contour lines from the National Elevation Data set ($90 m resolution). Relative age of Quaternary moraines (Qm) is indicated with color and increase numbering from younger (Qm0) to older (Qm4). Glaciers and hydraulic network are outlined in blue. White circles are site locations of Haeussler et al. [2004] . Note the small red circles indicating the ice retreat between 1973 and 2002. ChG is the Chistichina glacier. WG, CG, and EG are western glacier, central glacier, and eastern glacier, respectively. Box outlines area of Figure 6 . offset estimate. As at Bull Creek, Qm2 is best preserved and was sampled for CRN exposure dating on both sides of the main fault trace (Figure 7a ).
Cosmogenic Dating of Offset Glacial Moraines

The 10 Be Surface Exposure Dating
[18] Surface exposure dating using in situ produced CRN such as 10 Be can be used to date moraines with a precision of up to $4% [e.g., Nishiizumi et al., 1989; Gosse et al., 1995a Gosse et al., , 1995b . Assuming no preexposure, the exposure age of a sample is given by [Lal, 1991] :
where t is the exposure time, N is the number of atoms of 10 Be, P 0 is the nuclide production rate at the surface, C s is the shielding correction, z is the depth below the surface, l is the decay constant of the radionuclide, and e is the erosion rate, L is the attenuation length, and r is the material density. The minimum age is given by assuming negligible erosion (e = 0), and for samples at the surface (z = 0), equation (1) reduces to
We use the 10 Be production rate and scaling factors of Stone [2000] . Uncertainties on the nuclide concentrations include those from the procedural blank, carrier composition, and counting statistics. Errors on the model ages are calculated by propagating the analytical uncertainties together with a 6% error on the absolute production rate [Stone, 2000] and a 3.3% uncertainty for the decay constant of 10 Be [Gosse and Phillips, 2001 ]. We do not include the variations of the geomagnetic field intensity over time because our sampling sites are located at high latitudes (>62°N) where the variation of the cosmic ray flux is $1% using the paleointensity data from McElhinny and Senanayake [1982] and the Holocene magnetic pole positions from Ohno and Hamano [1992] and therefore negligible. All of the isotopic 10 Be measurements were made at the Center for Accelerator Mass Spectrometry at Lawrence Livermore National Laboratory. The chemical preparation for 10 Be follows Kohl and Nishiizumi [1992] . The 10 Be CRN model age determinations at Bull Creek and Slate Creek are presented in Table 1 . Additional data about the locations and thickness of each sample at both sites appears in the auxiliary material.
Snow Correction
[19] One of the main concerns regarding the exposure history of a moraine to cosmic rays is the shielding induced by snow cover. This issue cannot be ignored for sites along the snowy southern flank of the Alaskan Range. Snow is a temporary layer that affects the production rate by attenuating a fraction of the cosmic ray flux [e.g., Gosse and Phillips, 2001] . To quantify the effect of snow cover, the attenuation of the cosmic rays through a layer of snow is modeled by
where d sm is the monthly average snow cover, d i is the sample height, r sm is the monthly average snow density, and L is the attenuation length of cosmic rays through matter. Given the lack of specific information on the snow cover at both sites, the snow corrections were estimated using an average annual snow cover and an average snow density. Assuming an average density for the snow is only a firstorder approximation, as snow density may vary greatly, especially with the effect of compaction of high snowpacks. As a result the snow correction applied here cannot be used for large snow depths. We used an average density value with large uncertainties to take into account the large range of possible snow density [Gosse and Phillips, 2001] . In addition, as we sampled flat and horizontal ground level cobbles, the height of the sample was neglected in equation (3). Equation (3) thus simplifies to ) is the average density of snow, d s is the depth of the annual mean snow cover, and L is the attenuation length of cosmic rays through matter (175 ± 17.5 g/cm 2 ). The historical snow cover can be estimated from meteorological records from the Alaska Snow, Water and Climate Services (http://www.AMBCS.org), averaged over 30 years, and acquired from nearby localities (Figure 9 ).
[20] The spatial variation of the historical snowpack for the 40 snow stations is available in the area (Figure 9 ). The snow stations are distributed irregularly and most are close to roads. Despite these limitations, two general trends are clear. Snow accumulation decreases from south to north and from west to east. Overall, the northeastern decrease of snow depth in central Alaska is consistent with the increasing distance between the meteorological stations and the Pacific Ocean, which is the principal source of moisture. Thus, a snow cover correction at Slate Creek, in the east, is likely to be less than for Bull Creek, in the west.
[21] A correction for altitude must also be made [Schildgen et al., 2005] . Both Slate Creek (at 1320 m) and Bull Creek (at 1075 m) are at higher elevations than the measuring stations (43 to 945 m) (Figure 9b ). We approximate the average annual snowpack at both sites by extrapolating an exponential function to the snow depth-altitude data of locally selected stations (Figure 9a ). The annual mean snow depths at Slate Creek and Bull Creek are estimated to be 66.6 cm and 84.6 cm, respectively (Figure 9a ). The altitude correction appears to be rather significant and implies that the snow stations are unlikely to give reasonable estimates of the snow cover at both sites without including further considerations.
[22] Furthermore, the historical data are not likely to reflect the full range of snow conditions during the exposure history of the samples, we must calculate the long-term average by including the relative changes in effective wetness over the last 11 ka, as described by Benson et al. [2004] . For this, we use historic lake level records at Birch Lake, which is located north of the Alaska range at about 60 km south of Fairbanks (Figure 1) [Abbott et al., 2000] and the d 18 O effective moisture proxy from Meli Lake, located further north in the brooks range at $67°N [Anderson et al., 2001] . The paleoclimatic records should span the entire exposure history of the samples ($11 ka). But at Birch Lake, the lake level record spans a period from 11 to 5.8 ka, the time at which the lake b Correction factor scaling the sea level high-latitude production rate to altitude and latitude of study sites (SLHL 10 Be production rate = 5.1 ± 0.3 atoms/g year [Stone, 2000] ). ''Zero erosion and no-snow'' or minimum model ages are calculated with propagated analytical uncertainties including 6% uncertainty on production rate [Stone, 2000] , and 3.3 and 2.8% uncertainties for decay constants of 10Be and 26Al respectively [Gosse and Phillips, 2001] , as well as uncertainty of 10% on density and attenuation length for depth samples. 
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MÉ RIAUX ET AL.: DENALI FAULT SLIP RATES started to overflow. At that time, wetter conditions are also observed at Meli Lake [Anderson et al., 2001] . The relative variation of the effective wetness is quite similar for both lakes during the period for which the records overlap ($8.5 to 5.5 ka). Thus, we assume that the relative effective wetness can be used as a regional proxy, and we use the d
18
O records of Meli Lake after 5.8 ka to extend the relative variation of the effective wetness to the present conditions. In summary, the relative variation of moisture proxies shows that the wet and cool Younger Dryas (YD) event at $11.5 ka evolved over 5 ka from drier to wetter conditions. After $6 ka, the relative effective moisture proxy is relatively constant and oscillates around the present conditions. Overall, taking the combined relative changes in effective wetness, the historical snowpack data are relatively wetter by 6% than long-term conditions. Therefore, historical values overestimate by 6% the 11-ka average. Consequently, the trans-Holocene annual snow cover estimates for Slate Creek and Bull Creek are 62.6 cm and 79.5 cm, respectively. Ultimately, the snow corrections calculated from equation (4) increase the CRN surface exposure ages by 8.5% and 10.7% at Slate Creek and Bull Creek, respectively.
[23] Note that the long-term correction only applies to samples exposed to cosmic rays for the last 11 ka. Younger and older samples have likely experienced different snow conditions. This is clearly the case for older samples that would have been exposed to the severe snow conditions of the Younger Dryas glaciation and that might have been totally shielded during that time [Schildgen et al., 2005] . This implies that comparison of model ages of different exposures can be seriously biased without considering the variation of snow condition through time. Finally, the corrections applied at both sites do not take into account other local snow conditions such as the effect of wind and the local topography but rather try to quantify the common shielding of snow at a given altitude and over a given exposure to correct the CRN model ages and allow to compare results from different locations. Considering the complexity of that correction, it appears difficult to quantify its uncertainty but it cannot be ignored. Here, the error on these snow corrections is taken to be 15%, which could be underestimated if the local snow conditions are significant. If the altitude and the longterm corrections were not estimated to calculate the snow shielding and correct the 10 Be model ages, the error of that correction would be closer to 50%.
[24] Aside from the effect of the snow cover, secondary effects such as erosion, surface deflation and exhumation could also affect the CRN model ages toward younger apparent values. However, these effects are unlikely to affect all the samples similarly. Consequently, a broad CRN model age distribution would be expected if these effects were significant and vice versa. We will next show that this was not the case in our study.
The 10
Be CRN Model Ages [25] We determined the timing of moraine emplacement at both sites using 10 Be CRN dating of quartz-rich samples. At Bull Creek, we sampled 10 large cobbles (8 -26 cm, auxiliary material) embedded in the well-preserved Qm2 moraine immediately west of the offset moraine crest and south of the fault trace. We chose the largest available flat and horizontal samples on the moraine downstream and avoided the degraded upstream side of the moraine. This sampling strategy minimized the possibility of collecting samples deposited by the erosion of the adjacent older moraine and the eastern steep flank of the glacial valley EO. The CRN model ages range from 9.9 ± 0.8 ka to 12.3 ± 0.9 ka and yield an average model age of 11.0 ± 0.8 ka (n = 10, ± 1s, Figure 10 ). The age distribution is exceptionally narrow for CRN surface exposure dating and shows a normal distribution with an MSWD of 0.84. This narrow distribution indicates that effects of erosion, surface deflation and exhu- mation have been limited on that moraine. The snowcorrected model ages are older by 8.5% and yield an average age of 12.3 ± 2.0 ka (±1s).
[26] At Slate Creek, we sampled 13 large embedded cobbles (8 -27 cm, auxiliary material) from a set of Qm2 moraines on both sides of the Denali Fault and on both side of channel c1 (Figure 7 ). The samples upstream from the main fault trace came from moraines also cut and offset by secondary splay faults (Figures 7 and 8 ). Similar to our sampling at Bull Creek, we sampled the largest available flat and horizontal cobbles, leaving boulders and pebbles aside. The model ages range between 7.8 ± 0.5 ka and 12.3 ± 0.8 ka, and the average age is 10.7 ± 1.3 ka (n = 13, ± 1s, Figure 10 ). This determination is indistinguishable from the mean CRN surface exposure ages obtained at Bull Creek. As at Bull Creek, the age distribution at Slate Creek is narrow, although the youngest sample (AK03-44, 7.8 ± 0.5 ka) is defined as an outlier using Chauvenet's criterion [see Bevington and Robinson, 2002, p. 58] . The remaining age distribution is normally distributed with an average of 10.9 ± 0.9 ka (n = 12, ± 1s) with an MSWD of 1.78. The snow-corrected model ages are older by 12.5%, with an average of 11.7 ± 2.2 ka (±1s). If we exclude the defined outlier, we obtain an average snow-corrected age of 12.0 ± 2.1 ka. Thus, it appears that the dated moraines from both sites are synchronous and show a normal distribution of ages, with a mean snow corrected age of 12.1 ± 1.0 ka (n = 22, 1 outlier, ± 1s) and an MSWD of 0.23.
[27] The moraine sampling strategy of this study differs from most common sampling for CRN dating as no boulders were sampled [i.e., Gosse and Phillips, 2001; Briner et al., 2005] . Boulders at the sites of study were either lacking, had complex geometries, clear evidences of erosion, and/or fractures compared to the embedded flat and horizontal cobbles that were sampled (auxiliary material). Cobbles and boulders are affected differently by external factors. Small samples of cobbles or pebbles are considered to be more easily exhumed and reworked compared to boulders [i.e., Farber et al., 2005] . The entire snow cover shields cobbles while boulders have a lesser snow cover as they stand above ground. Be CNR model ages at both sites with cumulative distribution of data (Psum as defined by Daëron et al. [2004] ) with and without the snow correction and comparison with the Younger Dryas [Alley et al., 1993; Alley, 2000] . The mean of minimum (indicated by an asterisk) and snowcorrected (indicated by boldface) CRN model ages are indicated. Briner et al., 2005] . Thus, the corrections to apply for CRN model ages between boulders and cobbles are expected to be different. The effect of size on CRN model ages remains mostly unconstrained. In this study, we have a posteriori tested the effect of sample size to CRN model ages. We measured the long and small axis of each sample from field photographs to estimate the surface area exposed to cosmic rays and plotted these as a function of the CRN model ages (auxiliary material). In the size range that we sampled, there is no clear correlation between the size and the CRN apparent ages. The largest samples at Slate Creek appear biased toward younger values whereas the tendency seems slightly reversed at Bull Creek (auxiliary material). A further examination of the field pictures at Slate Creek revealed that these apparent younger big samples had either a more complex pyramidal geometry (AK03-44) or were fractured (AK03-47) (see the auxiliary material). These observations alone could explain the apparent young CRN model ages. Overall, cobbles that were flat and horizontal seem to describe a Gaussian distribution of the CRN model ages, which to some extent validates the sampling strategy used at both sites.
[28] The dated moraines (12.1 ± 1.0 ka, ± 1s) at both studied sites appear to be roughly coeval with the Younger Dryas cooling chronozone (12.8 ± 0.2 ka to 11.6 ± 0.1 ka [Alley et al., 1993] and revision for the end of the event at 11.5 ± 0.2 ka by Alley [2000] (Figure 10 ), and are also roughly consistent with a peak in the probability distribution of moraine ages ($10-13 ka) from Alaska summarized by Briner et al. [2005] . Indeed, based on moraine CRN ages from the Ahklun Mountains of southwestern Alaska, Briner et al. [2002] determined that the Mt. Waskey advance culminated between 12.4 and 11.0 ka, sometime during, or shortly following, the Younger Dryas event ($12.9-11.6 ka), and conclude that the Mount Waskey advance was a consequence of cooling during the Younger Dryas. Although evidence of drastic climatic fluctuations during the Younger Dryas chronozone have been inferred from other studies in North Pacific region including in Alaska [Engstrom et al., 1990; Gosse et al., 1995a Gosse et al., , 1995b Abbott et al., 2000; Anderson et al., 2001; Briner et al., 2002; Kovanen and Easterbrook, 2002; Friele and Clague, 2002; Lacourse, 2005; Cook et al., 2005; Lakeman et al., 2008] , the global/regional extent of YD cooling remains much debated [cf. Hu et al., 2006; Carlson, 2008] . Nevertheless, it is reasonable to surmise from the coincidence in the CRN model ages that the glacial advance represented by the offset moraines occurred during the Younger Dryas chronozone. Given the well-defined duration of the Younger Dryas (11.4 to 13 ka or 12.2 ± 0.8 ka) we choose to use this narrower temporal constraint on the Younger Dryas chronozone below, to reduce the impact of CRN model age assumptions and snow correction uncertainties in the slip rate uncertainties. We use hereafter the age of the YD cooling event (12.2 ± 0.8 ka) together with our snow-corrected CRN dating (Bull Creek: 12.3 ± 2.0 ka; Slate Creek: 12.0 ± 2.1 ka) to estimate the slip rate at each site.
Slip Rates Along the Denali Fault
[29] Linking the surface exposure ages with the moraine offsets yields millennial slip rates for the Denali Fault at these two localities (Table 2) . At both sites, we have good reasons to believe that the retreating glacier left features that were nearly linear where they crossed the fault, as none of the features display any near-fault irregularities in their trend. Thus, the offsets record slip that accrued after the glacier stopped sculpting or moving the moraine.
[30] At Bull Creek, the average snow-corrected surface exposure age of 12.3 ± 2.0 ka and the 82 ± 5 m offsets of the Qm2 lateral moraine and its marginal ice channel yield a Holocene slip rate of 6.7 ± 1.2 mm/a (Table 2 and Figure 11 ). Using the more narrowly defined age of the Younger Dryas cooling chronozone, 12.2 ± 0.8 ka [Alley et al., 1993; Alley, 2000] , as the age of this offset yields an identical slip rate but with a smaller error of 6.7 ± 0.6 mm/a. A maximum slip rate estimate of 7.5 ± 0.5 mm/a results from the use of the uncorrected CRN model ages (Table 2) .
[31] At Slate Creek, the slip rate estimates are somewhat more complex due to the distribution of the deformation. However, bounds on the slip rate can be easily estimated. To define the average Holocene rate at Slate Creek, the amount of displacement during the 2002 event is to be subtracted from the cumulative offset. The cumulative offset estimates considered in deriving the slip rate are 122 ± 5 m, 166 ± 25, and 183 ± 30 m. The estimated coseismic offsets associated with these cumulative, long-term offsets are 5 ± 0.3 m, 6.8 ± 1.0 m, and 7.5 ± 1.1 m, respectively. In considering the three offset and age determinations, the discussion hereafter is limited to the estimates based only on the Younger Dryas age. The remaining slip rate estimates are nonetheless indicated in Table 2 . Again, using the well-defined 12.2 ± Minimum slip rate estimates using minimum offset estimate (see text for detail).
e Maximum slip rate estimates using the uncorrected minimum Be mean age (see Table 1 ) and/or maximum offset estimates. 
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MÉ RIAUX ET AL.: DENALI FAULT SLIP RATES 0.8 ka age of the Younger Dryas [Alley et al., 1993; Alley, 2000] together with the offsets defined above, slip rates of 9.6 ± 0.9 mm/a, 13.0 ± 2.9 mm/a, and 14.4 ± 3.3 mm/a are obtained, respectively ( Figure 11 , Table 2 ).
[32] Unlike at Bull Creek, the slip rate estimates at Slate Creek are bracketed by uncertainty in the offset determinations rather than the age determinations. As deformation at Slate Creek is not limited to main trace of the fault but rather distributed over numerous fault strands, the estimate of 9.6 ± 0.9 mm/a defined by considering only the cumulative and coseismic offsets on the main trace of the fault is obviously a minimum bound. The third estimate of 14.4 ± 3.3 mm/a is obtained by multiplying the cumulative offset measured on the main strand (122 ± 5 m) by the ratio of the total coseismic slip estimate [Taylor et al., 2008] and the coseismic slip on the main strand of the fault [Haeussler et al., 2004] . This rate is a maximum bound and is the most poorly defined. Indeed, it would imply a constant slip ratio between the main trace and the secondary faults since the emplacement of the Qm2 moraines, which is unlikely considering the rupture complexity. The intermediate slip rate of 13.0 ± 2.9 mm/a appears the most reliable determination at Slate Creek as it takes carefully into account both the estimated coseismic and cumulative displacements that offset Qm2. The rate obtained relies on our ability to measure both coseismic and cumulative offsets within a complex fault zone. As some fraction of the total offset will be ''unobserved'' in the field, it is likely that the summed offsets used in these determinations underestimate the true cumulative offset. Regardless of nonsystematic uncertainty, the slip rate estimates obtained above are quite comparable (in agreement at the 1-sigma level), indicating that the distribution of the deformation between the main trace and the secondary faults tends to remain relatively constant over the Holocene. Overall, we observe an unambiguous westward decrease of the rate along the Denali from about 13 mm/a to 7 mm/a, as both offset Qm2 moraines have similar exposure age of 12.1 ± 1.0 ka (n = 22 CRN model ages, ± 1s). Therefore, the derived rates rely solely on the observed westward decrease of the offset measurements at both sites.
[33] The slip rate determinations from this study and those of Matmon et al. [2006] are given in Figure 12 . The slip rates in this study are comparable to the estimates of Matmon et al. [2006] on the Denali Fault despite their somewhat different methodology: rough offset measurements, variable number of samples per offset (two to four for five sites and seven and 11 for the two remaining sites, respectively), different sampling strategy (boulders and sediments) and the application of an unique snow shielding correction for all their CRN model ages at all their sites. At Slate Creek, our slip rate results differ from the rate of Matmon et al. [2006] , mostly as their offset estimate of Qm2 does not take in account any secondary faulting contribution. However, the mean rate on the Denali Fault of both studies is in broad agreement with 9.9 ± 4.5 mm/a for this study and 10.0 ± 2.7 mm/a for Matmon et al. [2006] . In Figure 11 . Slip rate diagram using the different ages estimates of the uncorrected and snow-corrected surface exposure ages (Table 2) , and of the Younger Dryas (YD) [Alley et al., 1993; Alley, 2000] . Arrows for 122 ± 5 m indicate that this offset is a minimum bound. Dash lines represent the various slip rates derived from each dated offsets (see Table 2 ). Bold dash lines with slip rate values are best estimated (see text for detail).
this study, the increased uncertainty of the average reflects mostly the significant along-strike westward decrease of the slip rate of the Denali Fault. Most importantly, the rate that we obtain at Bull Creek on the western segment of the Denali Fault is significantly lower than the rate obtained along the central portion of the fault (Figure 12) , and verifies the suggested westward decrease of the slip rate on the Denali Fault between the central Denali Fault and the western Denali Fault [Mériaux et al., 2004b; Matmon et al., 2006] .
Kinematic Behavior of the Alaska Range
[34] The most common model for the Denali Fault is that the right-lateral strike-slip fault accommodates the counterclockwise vertical axis rotation of southern Alaska [St. Amand, 1957; Lahr and Plafker, 1980; Stout and Chase, 1980; Page et al., 1995] . Such a model implies a uniform fault slip rate along the entire length of the Denali Fault and that motion of the Wrangell block is decoupled from the Alaska Range to the north. This model is clearly not supported by our slip rate determinations, which demonstrate the motion along the Denali Fault during the Holocene is characterized by a westward decreasing lateral slip; a decrease of roughly 50% between 149°W and 145°W, which indicate a northwestward translation of southern Alaska and slip partitioning between the arcuate strike-slip Denali Fault and neighboring folds and thrust faults. At the very least, the westward decrease in the fault's slip rate requires a modification of the counterclockwise rotational model for the Denali Fault.
[35] To accommodate the slip rate variation along the Denali Fault, we propose a new tectonic model in which northwestward translation of southern Alaska results in a westward increase in the partitioning of slip from the arcuate strike-slip Denali Fault to neighboring folds and thrust faults to the north. Consistent with the model, the northern flank of the Alaska Range displays a topographic scarp consistent with an active north-directed thrust system [Bemis, 2004; Bemis and Wallace, 2007; Lesh and Ridgway, 2007] (Figures 13 and 14) . Furthermore, the Alaska Range widens from east to west, suggesting that crustal thickening becomes the dominant process as Mt. McKinley is approached from the east. Thus, the active structures of the Alaska Range northeast of the Denali are genetically linked to its strike-slip motion and play a critical role in accommodating translation of southern Alaska. We postulate that the geometry, kinematics, and style of deformation for the Denali Fault and the Northern Foothills thrust system can, therefore, be explained by northwest translation of the Wrangell block.
[36] Bird [1996] proposed a kinematic model for southern Alaska with features similar to that proposed here. His preferred result indicates a slip rate of 13 mm/a, such as Slate Creek, on the segment of the Denali Fault between Little Tok river and Delta river, which decreases to 6 mm/a near longitude 150°W. However, crustal thickening near and to the west of 150°W, is accommodated to the south of the Denali Fault on the southeast-directed Broxson Gulch and Pass Creek thrust faults [Stout and Chase, 1980; Plafker and Berg, 1994] unlike our model that proposes a preferential transfer of the deformation to the north.
[37] A vector diagram of our kinematic model of southern Alaska that incorporates northwest translation of southern Alaska relative to stable North America along azimuth N226°is shown in Figure 13 . This azimuth results from a Figure 12 . Slip rate variations of this study (green boxes) and of Matmon et al. [2006] (gray boxes). Numerals 1 and 2 indicate the rates at Bull Creek and Slate Creek of this study, respectively. Grey boxes indicate the range of rates derived at each site by Matmon et al. [2006] . Whites squares indicated the average rates of each fault segment as published by Matmon et al. [2006] . Site names of Matmon et al. [2006] are also indicated.
vector diagram that incorporates the slip rate estimates determined for the Bull and Slate Creek sites. A point in the diagram represents each block of the system, and the connecting lines represent the faults that bound them. The blocks include Wrangellia (WR), the Alaska Range (AR), and stable North America (NA). The vectors BC and SC are the Bull and Slate Creek segments of the Denali Fault, respectively, and represent the fault strike and slip rate magnitude.
[38] The translation direction of the WR block is determined by assuming that the east to west decrease in fault slip rate results from the transfer of dextral strike slip on the Denali Fault in the east to reverse faults of the Alaska range in the west. To simplify the calculation, we assume a convergence component perpendicular to the strike of the Denali Fault strike at any point and no block rotation. The intersection of the convergence components for two sites represents the azimuth and velocity of the WR block with respect to NA. This kinematic model predicts increasing convergence rates between Slate Creek, $4 mm/a, and Bull Creek, $12 mm/a. This observation is consistent with the geometry of the Alaska Range, which is $30 km wide near Slate Creek and $50 km near Bull Creek. This implies that the width of the Alaska Range is dependent upon the strike of the Denali Fault and the northwestward translation of Wrangellia and that this kinematic relationship is a longterm feature that has persisted over the growth history of the Alaska Range. The model also predicts that the rate of translation of WR block is 13.6 mm/a. However, as no block rotations were assumed here, only maximum uplift estimates are derived. Indeed, any small rotation of southern Alaska would result in a decrease in the uplift rate along the Alaska Range and more specifically to the west.
[39] The proposed westward increase in the slip partitioning from the Denali Fault to the Alaska Range requires the existence of active structures that accommodate the deformation within the Alaska Range. Although there are some candidate structures located both north and south of the Denali Fault, the segmentation of the fault system and the main triple junctions are difficult to pinpoint in such glaciated environments, unless recently activated. For instance, active Figure 13 . Vector diagram illustrates the kinematics of Alaska Range using the slip rate estimates at Bull Creek (BC) and Slate Creek (SC), assuming no rotation (see text for detail). N44°W translation of the Wrangell block (WR) is estimated to be $14 mm/a. AR, Alaska Range; U1, Bull Creek convergence rate; U2, Slate Creek convergence rate. Plafker and Berg [1994, and references therein] . Mapping of northern Alaska Range is more specifically derived from Bemis [2004] . EDF, Eastern Denali Fault; STF, Sustina Glacier Fault; BGT, Broxson Gulch Thrust. Site locations and rates of this study are green circles and green arrows, respectively (1, Bull Creek; 2, Slate Creek). Note that both strike-slip and convergence rates are indicated. Site locations and average rates of Matmon et al. [2006] are indicated white squares and black arrows, respectively. Note the convergence rate of WR ($14 mm/a) inside green arrow derived from this study. structures would include the Susitna Glacier thrust that ruptured in 2002 [Crone et al., 2004] or the southeast directed thrust faults located at the apex of the Denali Fault (Figure 14 ) [Stout and Chase, 1980; Bird, 1996] . The north flank of the Alaska Range is another potentially active fault system as pointed out by recent studies [Bemis, 2004; Bemis and Wallace, 2007] . Such activity is consistent with the deformed Pleistocene Nenana deformed gravels, which are cut by thrust faults and warped into north-verging folds [Bemis, 2004; Bemis and Wallace, 2007] . Further neotectonic studies are needed to quantify the rate of deformations within this fold and thrust belts and in particular on the northern frontal thrust (Figure 14) . If most of the transfer of slip is into the northern Alaska Range, then the maximum convergence rates at 149°W and 145°W should be about 12 mm/a and 4 mm/a, respectively. These uplift rates represent clearly maximum bounds for the active structures north of the Denali Fault, as a portion of the deformation is also accommodated, to a lesser degree, by the active structures south of the Denali Fault, as shown with the rupture of the Susitna Glacier Fault in 2002.
Conclusions
[40] Using CRN dating to constrain the age of moraine offsets at two sites on the Denali Fault, we demonstrated the westward decrease in the Holocene slip rate suggested by Matmon et al. [2006] . In our study, the mean concentration of 10 Be on the moraines at both sites is indistinguishable. So, while snow cover and production rate models may influence the absolute ages and derived slip rates, our estimate of the westward decrease in slip rate is robust. Perhaps the most striking feature of the spatial distribution of slip rate is that it is also reflected at both decadal and geologic timescales by both the recently observed distribution of coseismic slip [Eberhart-Phillips et al., 2003; Hreinsdottir et al., 2003; Wright et al., 2004; Haeussler et al., 2004] and topography, respectively. This suggests that the kinematics recorded in the long-lived geologic structures and topography in this region is equivalent to the one that characterize the earthquake cycle. Thus, the 2002 Mw7.9 Denali earthquake is likely a characteristic earthquake for the Denali Fault. Given the rate of 13.0 ± 2.9 mm/a derived at Slate Creek, along with the coseismic displacement of 6.8 ± 1.0 m, the recurrence time of such a characteristic earthquake would be 525 ± 137 years. Hence, a penultimate event, such as the 2002 quake, would have occurred sometime between 1560 and 1285 years B.P., in keeping with the preliminary results of Schwartz [2003] .
[41] The correlated asymmetry among coseismic offset, slip rate, and width of associated shortening along the Denali Fault is consistent with a constant recurrence interval for a characteristic earthquake. This is in contrast to other faults, such as the Kunlun Fault, a sinistral strike-slip fault of similar length in central Tibet. Unlike the Denali Fault, the Kunlun Fault is not associated with large-scale, active shortening features, and the slip rate on the Kunlun Fault is remarkably constant along strike . However, the inferred characteristic coseismic offset is larger along the western segments of the fault than along it eastern segments, requiring that the constant slip rate is modulated by variable recurrence interval, while the variation of the slip rate on the Denali Fault appears modulated by variable coseismic offset. This comparison suggests that offset magnitude recurrence behavior of a fault is influenced not only by local fault zone mechanics, but also by the largescale structure, segmentation, and slip distribution among associated faults.
[42] The westward decrease in the long-term slip rate on the Denali Fault has critical implications for the growth of the Alaska Range. In contrast to previous models which invoke rotation of southern Alaska as the primary active tectonic mechanism, we conclude that the Wrangell block is translating to the northwest at a rate of about 14 mm/a and that a portion of that deformation is progressively transferred to the northern Alaskan range reaching convergence rates of $12 mm/a to the west. Deformation from the Aleutian megathrust is transferred inland, first by strike-slip faulting, and then even further north by transfer of deformation to shortening features resulting in topographic uplift. As such, slip partitioning is a critical mechanism in understanding intracontinental deformation in southern Alaska.
[43] The association of dip-slip structures with longlived strike-slip faults is rather common [e.g., Henyey and Wasserburg, 1971; Gaudemer et al., 1995; Armijo et al., 1996; Meyer et al., 1998 ]. The association of faults with contrasting kinematics, slip partitioning, was proposed to be an effect of oblique slip at depth that is accommodated by several fault systems at the surface [e.g., Armijo et al., 1986; Bowman et al., 2003] . Implications for the seismic behavior in such partitioned systems are critical in forecasting subsequent seismicity. If the strike slip-oriented component of stress in such system is released by a large strike-slip event, such as the November 2002 Denali Fault earthquake, then the postearthquake stress field is more likely to exhibit enhanced dip-slip-oriented stress [Bowman et al., 2003] . However, the dip-slip component is often short-lived and the seismic behavior of such transitory system is poorly understood. Given the observed Denali-Alaska Range slip partitioning, the strike-slip nature of the Denali earthquake may favor future dip-slip seismicity in the Alaska Range. The role of the suggested enhancement of dip-slip stress in the Alaska Range must be balanced against enhanced stress at the tips of the strike-slip rupture [Stein et al., 1992; King et al., 1994] , which has been shown to play a predominate role in stress propagation along other large strike-slip faults such as the North Anatolian Fault [Hubert-Ferrari et al., 2000] . However, not only was the Denali earthquake a slip-partitioned event [Eberhart-Phillips et al., 2003 ], but the stress regime following this event alternated between strike slip and thrusting along the rupture [Ratchkovski et al., 2004] , indicating that the accumulated composite stress do not necessarily release alternatively. In fact, slip partitioning seems to coexist simultaneously at all timescales, from the seismic cycle to the mountain building timescale. However, the succession of events of different pure mechanisms is also present in the area. The large thrusting event in the Alaska Range, the M $ 7.2 1947 event followed the M $ 7.2 1912 Delta River earthquake on the Denali Fault [Page et al., 1991; Carver et al., 2004] . From that point of view, the seismic behavior of such partitioned system appears to reflect the instability of such system at all timescales. Thus, the release of the partitioned stress in a single complex event rather than in a strike slip and thrust events should mostly be an effect of the geometry and segmentation of the partitioned fault system.
[44] At longer timescales, slip partitioning is a key in the understanding of the evolution of large continental fault systems. In fact, slip partitioning has often been interpreted as a part of the propagation of the long-lived strike-slip fault systems such as the Altyn Tagh and Haiyuan Faults in northern Tibet [e.g., Peltzer and Tapponnier, 1988; Gaudemer et al., 1995] or the North Anatolian Fault in Anatolia [e.g., Armijo et al., 1999] . Fault propagation is often associated with increased fault segmentation together with slip rates on the main strand of the fault that decrease along strike in the direction of propagation. In Tibet, in particular, along-strike decreases in slip rate have been documented for both the Altyn Tagh Fault [Mériaux et al., 2004a [Mériaux et al., , 2005 and the Haiyuan Fault [Lasserre et al., 1999 [Lasserre et al., , 2002 . In a similar connection, the lateral slip rate on the North Anatolian Fault decreases as lateral motion is transferred to extension on the subperpendicular Corinth Fault system [Armijo et al., 1996] . The Denali Fault seems to follow the same rules with a significant decrease of slip rate together with the widening of the Alaska Range as a result of the increase in the convergence rate to the west.
[45] At a continental scale, some of the largest strike-slip faults have been associated with the large-scale intracontinental extrusion of semirigid continental blocks extruding at high angle to the direction of convergence, e.g., eastward extrusion of Indo-China along the Red River Shear Zone [Leloup et al., 1993] and westward extrusion of Anatolia along the North Anatolian Fault [Armijo et al., 1999] . At a smaller regional scale, the Denali Fault seems to facilitate the extrusion of southern Alaska as a result of the oblique convergence of the Yakutat block. However, the largest share of this deformation has not yet been transferred inland to the strike-slip fault systems of southern Alaska, but it is still localized south of the Border Ranges Fault and within the syntaxis that accommodate on the order of 30 mm/a of convergence rate, given the $14 mm/a left on the Wrangell block.
